Three cell wall-associated protein antigens (antigens b, c, and d) were isolated from mutanolysin-solubilized cell walls of Streptococcus salivarius HB and purified to apparent homogeneity by a combination of ion-exchange chromatography, gel filtration, and immunoadsorption chromatography. Antigens b and c were also isolated from culture supernatants. Antigen b consisted of more than 80% protein and had an apparent molecular weight as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis of 320,000. Antigen c consisted of 57% protein, about 30% neutral sugar, and about 13% amino sugar, and its glycoprotein nature was confirmed by specific staining techniques. During sodium dodecyl sulfate-polyacrylamide gel electrophoresis antigen c resolved into two or more bands, depending on the source or the isolation procedure, in the molecular weight range from 220,000 to 280,000. Antigen d consisted of 95% protein and was observed in sodium dodecyl sulfate-polyacrylamide gel electrophoresis as two bands with molecular weights of 129,000 and 121,000. Under nondenaturing conditions all three antigens had molecular weights in the range from 1 x 106 to 3 x 106 as determined by gel filtration. The amino acid compositions of antigens b, c, and d were characterized by low amounts of basic amino acids and relatively high levels of nonpolar amino acids. Among oral streptococcal species antigens b and c were virtually restricted to strains of S. salivarius and most often to serotype I strains. Antigen b was recognized as the factor that mediates coaggregation of S. salivarius with Veillonella strains. The purified protein retained its biological activity. Antigen c could be linked to functions relating to adhesion of the streptococci to host tissues on the basis of its absence in mutant strains and blocking by specific antisera. The purified molecule had no detectable biological activity. Antigen d could not be linked to an established adhesion function.
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The primary event in the initial colonization of a host by most indigenous and pathogenic bacteria is the specific attachment of bacterial cells to certain surfaces in the host (8) . However, in most cases the precise nature of the bacterial surface components which mediate these interactions is not known. Consequently, the mode of interaction between these components and ligands on the host tissues is still poorly defined. Surface appendages of the bacteria, which are often referred to as fibrils, fimbriae, or pili, have been implicated in the initial attachment of various gram-negative and gram-positive bacteria to host tissues and other bacteria (7, 9, 20) . In many cases proteins have been suggested as the adhesion receptors on the bacterial surface, and a lectin-like mechanism has been proposed on the basis of the inhibition of attachment by certain sugars. In previous studies we have used Streptococcus salivarius as a model organism to study the relationship between surface properties of bacteria and the ability of bacteria to adhere to and colonize suitable surfaces in a host (30) (31) (32) (33) .
S. salivarius, which is a successful inhabitant protection of oxygen-sensitive anaerobes (29, 31) . Recently, the nature of the cell-bound receptors involved in these adhesion reactions was partially elucidated. The adhesion of streptococci to human oral surfaces requires protease-sensitive components (31) , and different proteinaceous cell wall constituents mediate coaggregation with Veillonella alcalescens (31, 33) and Fusobacterium and Bacteroides species (31) . The specific nature of the adhesion characteristics was corroborated by the finding that specific proteins are absent in the cell walls of mutants which are defective in certain adhesion properties (33) . Cell wall proteins similar to those found in S. salivarius have been detected in Streptococcus mutans and have received attention as possible immunogens for caries prevention (15) . Three such proteins were isolated by Russell and coworkers (23) (24) (25) (26) 37 ) and were shown not to cross-react or to cross-react only weakly immunologically with S. salivarius (23, 24) . Another study suggested that some of these proteins may be covalently linked to the peptidoglycan structure of the cell wall (19) .
In this paper we describe the purification and properties of three cell wall-bound protein antigens of S. salivarius HB, two of which appear to be related to specific adhesion properties of this bacterium.
MATERIALS AND METHODS Bacteria. S. salivarius HB and mutant strains HB-7 and HB-V5 have been described previously (31, 33) . Unless otherwise stated, these strains were grown in batch cultures in a Trypticase soy broth yeast extract medium for 16 h at 37°C (33) .
The oral streptococcal strains that were used for reference were from our laboratory culture collection.
Purification of antigens. Triton X-100-treated cell walls were prepared from S. salivarius HB by the procedure described previously (33) . Cell walls were solubilized by incubation with mutanolysin (Ml enzyme), an N-acetylmuramidase produced by Streptomyces globisporus (preparation generously donated by K. Yokogawa [36] ). Stock solutions of the enzyme (1 mg/ml) were prepared by dissolving the lyophilized powder in 40 mM sodium phosphate buffer (pH 6.2) containing 0.05% sodium azide and blending with a Vortex mixer. The slightly turbid solution was clarified by centrifugation for 15 min at 40,000 x g. The final preparation exhibited a slight proteolytic activity (28) . The cell walls were treated with the enzyme in a wall-to-enzyme ratio of 200:1 (wt/wt) for 24 h at 37°C. After centrifugation for 20 min at 40,000 x g, the insoluble residue was incubated for 24 h in one-half of the original volume of enzyme solution. This procedure solubilized 70 to 80% of the cell wall dry weight. The supernatants of both incubation mixtures were combined, and ethanol was added to a final concentration of 65% (vol/vol). After standing at room temperature for 20 min, the preparation was centrifuged for 10 min at 8,000 x g. The dried pellet was subsequently dissolved in a small amount of 50 mM Tris buffer (pH 7.5). Insoluble material was removed by centrifugation.
The clear preparation obtained from 1.8 g (dry weight) of cell walls was chromatographed on a DEAE-Sephadex A-25 column (37 by 3.5 cm) in the same buffer and eluted at a flow rate of 6 cm/h. After passage of the nonadsorbed material, the column was further eluted with 800 ml of a linear 0 to 0.5 M NaCl gradient in Tris buffer. Fractions were monitored for absorbance at 220 nm and for the presence of antigens by rocket immunoelectrophoresis. Antigen-containing peak fractions were pooled and concentrated by ultrafiltration, using a PM30 filter (Amicon B.V., Oosterhout, The Netherlands). The fractions were purified further by gel filtration on Sepharose CL-2B columns (50 by 1.5 cm) and subsequently by chromatography on immunoaffinity columns (6 by 1.5 cm) containing specific antibodies directed against cell wall antigens to remove contaminant antigens. The latter technique was used instead of binding to the complementary antibody because of the low capacity of these columns and because elution under extreme or denaturing conditions (e.g., elution by chaotropic agents or at a low pH) could thus be avoided.
Immunoaffinity columns were prepared by covalently linking the immunoglobulin fractions of the specific antisera to cyanogen bromide-activated Sepharose beads (Pharmacia Fine Chemicals) according to the specifications of the manufacturer. The immunoglobulins were isolated by using DEAE-Affigel Blue (BioRad Laboratories), concentrated and washed by using a membrane filter (type PM30; Amicon Corp.), and finally dissolved in coupling buffer. We used 25 mg of immunoglobulin per g (dry weight) of gel.
Antigens that were excreted into the culture medium during growth were partially purified by ammonium sulfate precipitation of neutralized culture supernatants (70% saturation). The precipitate was dissolved in 50 mM Tris buffer (pH 7.5), and the solution was subsequently brought to 65% (vol/vol) with ethanol.
The precipitate that formed was collected by centrifugation and dissolved in about 1% of the original culture volume of Tris buffer. Preparation of antisera. The production of antisera against cell walls of S. salivarius HB in rabbits has been described previously (33 (vol/vol) . After overnight incubation at room temperature in a moist chamber, the agarose was floated off in 0.1 M sodium chloride, dried, washed extensively, and finally stained with Coomassie brilliant blue. The other half of the gel was stained directly with Coomassie brilliant blue to develop the corresponding protein pattern. In some experiments it was necessary to transfer the proteins electrophoretically to the agarose overlay. To do this, the gel sandwich was covered with a 1.5-cm thickness of filter paper prewetted in Tris-Veronal buffer and then placed in an electroblotting cell with the agarose facing the anode. Electrophoresis was done overnight at 5 V/ cm.
Analytical procedures. Polyacrylamide gel electrophoresis (PAGE) in slab gels in the presence of SDS was performed by the method of Lugtenberg et al. (16) , except that the acrylamide concentration in the running gel was either 7% (wtlvol) or a 5 to 9%o linear gradient. Proteins were stained with Coomassie brilliant blue, and carbohydrates were detected with the periodate-Schiff reagent.
Isoelectric points were estimated by isoelectric focusing in agarose-IEF (Pharmacia), using a pH 2.5 to 6.0 gradient, as previously described (33) .
Protein concentrations were measured by using a modified Lowry procedure, as described by Peterson (21) , and bovine serum albumin as the standard. Total hexose was estimated with the anthrone reagent, using glucose as the standard and the micromethod described by Jermyn (13) . Phosphorus determinations were carried out by the method of Chen et al. (3) . Amino acid and amino sugar analyses were performed with a Jeol amino acid analyzer, after the samples were hydrolyzed with 5.7 N HCI in vacuo for 24 h at 105°C and for 6 h at 100°C, respectively. Norleucin was added to the samples before hydrolysis as an internal standard. Muramic acid was also measured colorimetrically by the method of Hadzija (10) . Neutral sugars were analyzed by thin-layer chromatography after hydrolysis of the samples in 2 N sulfuric acid for 2 h at 100°C. Hydrolysates were neutralized with barium hydroxyde and centrifuged, and the clear supernatants were eluted on a column of Dowex 50-X4 (H+ form) in water. Fractions were lyophilized, dissolved in a small volume of water, and spotted onto silica gel-coated sheets (E. Merck AG, Darmstandt, Germany). The plates were developed by the method of Hay et al. (12) and sprayed with N-(1-napthyl)ethylenediamine reagent (1) . Cochromatography of known quantities of reference sugars allowed semiquantitative estimations of the sugar residues in the antigen preparations. tested for the presence of antigens. The effectiveness of the procedure was tested by wet weight determinations of the cell pellets before and after mutanolysin treatment and in no case was significantly lower than the effectiveness with strain HB. The general susceptibility of oral streptococci to this enzyme has been demonstrated previously (35) . A 10-fold-diluted preparation of strain HB clearly allowed the detection of all antigens tested.
The presence of group K antigen was detected by counterimmunoelectrophoresis of extracts prepared by the method of Ederer et al. (6) .
Aggregation and adhesion assays. All assays were done as described in detail previously (31, 33 When crude solubilized cell wall preparations and concentrated culture supernatants were subjected to SDS-PAGE, a relatively simple protein pattern was observed, which mainly consisted of relatively high-molecular-weight proteins (Fig.  2) . To identify the positions of the antigens in the polyacrylamide gel, gel strips were overlaid with agarose containing either complete anti-HB serum or specific antisera against antigens b and c. The gel sandwiches were then subjected to electrophoresis to transfer the proteins to the antiserum-laden agarose gel. The electrophoretic transfer was necessary because of the very low diffusion rate of the high-molecular-weight protein, which prevented its simple diffusion into the immunooverlay. Figure 2 shows that the highest-molecular-weight band reacted with antigen b-specific antibodies to form an insoluble precipitate in the agarose gel, whereas a group of three or four proteins of somewhat lower molecular weight reacted specifically with the antigen c-specific antiserum. By using the complete anti-HB serum we identified an additional antigen that was associated with two minor protein bands in the muramidase digest, but not in the medium supernatant.
For the purification of the antigens, a starting material consisting of the mutanolysin digest of 1.8 g (dry weight) of strain HB cell walls was used. The purification procedure which we used is described above. Fractionation of the preparation obtained after ethanol precipitation by DEAE-Sephadex ion-exchange chromatography resulted in the resolution of separate fractions containing antigen c, b, and d activities (Fig. 3) , corresponding to the elution of UV-absorbing material. The weak antigen (antigen a) could not be detected in any of the column fractions. Additional UV-absorbing material which did not react with the complete anti-HB serum was eluted from the column. To remove low-and high-molecular-weight materials, the Nature and compositions of the antigens. The results of SDS-PAGE of the purified antigens are shown in Fig. 4 , and these results appeared to be consistent with the location of the antigens in the polyacrylamide gel when an immunooverlay was used (Fig. 2) We found that the gross amino acid compositions of the antigens are essentially similar (Table 2) and are characterized mainly by low amounts of basic amino acids and relatively high levels of nonpolar amino acids. However, each of the antigens is characterized by specific proportions of the individual amino acids. Antigen b contains high levels of aspartic acid, glutamic acid, and threonine; antigen c is rich in serine, followed by glutamic acid and alanine; and in antigen d threonine is by far the most abundant amino acid, followed by aspartic and glutamic acid.
The isoelectric points of the purified proteins were commensurate with their amino acid compositions and thus were found to be in the acidic range. The isoelectric points were as follows: antigen b, pH 4.58; antigen c, pH 4.28; antigen d, pH 3.65.
Effect of proteolysis. To confirm the protein nature of the antigens, the influence of proteolytic attack was tested. Measurement of the antigen activity by rocket immunoelectrophoresis showed that treatment with either pronase or subtilisin strongly affected antigens b and c. Trypsin also reduced the activities of these antigens. The loss of antigen activity was accompanied by the disappearance of the corresponding protein bands in SDS-PAGE gels. In addition, the antigens were susceptible to papain, but they were resistant to pepsin at pH 5.5. Antigen d appeared to be resistant to the action of trypsin, as determined by both immunoelectrophoresis and SDS-PAGE. Furthermore, this antigen was only partially affected by treatment with subtilisin, resulting in a similar pair of protein bands but at a somewhat lower molecular weight (about 100,000). Antigen d was completely destroyed by pronase treatment.
Estimation of the amounts of antigens in cell walls. To estimate the absolute amounts of the antigens in Triton X-100-treated cell walls of strain HB, known quantities of triplicate cell wall preparations were solubilized by treatment with Ml muramidase. The concentrations of the antigens in the extracts were then calculated by using rocket immunoelectrophoresis calibrated with serial dilutions of known quantities of the purified antigen preparations. The amounts of antigens per milligram (dry weight) of wall were estimated to be as follows: antigen b, 30.7 ± 2.2 ,ug (mean ± standard error of the mean); antigen c, 34.2 ± 1.6 ,ug; antigen d, 11.4 ± 0.5 ,ug. Assuming that the antigens were uniformly distributed over the solubilized and insolubilized wall fractions, and since only relatively small amounts of the antigens were detected in the cytoplasmic and membrane fractions (data not shown), these values also relate to the amounts of antigens per cell.
Presence of antigens b and c in oral streptococci. A variety of reference strains of oral streptococci and freshly isolated S. salivarius strains were tested for the presence of antigens b and c. Counterimmunoelectrophoresis enabled the detection of both of these antigens in nearly all S. salivarius strains which possess the streptococcal group K antigen (Table 3 ). In addition, a few strains that lacked detectable group K antigen showed the presence of either antigen b or antigen c. Representative strains of other oral streptococcal species lacked detectable levels of these antigens. Control experiments, which were carried out with digests of S. salivarius HB cells, showed that precipitation lines were readily obtained with 10-fold-diluted preparations. Since with most strains the amount of solubilized cell material was at least equal to the amount obtained with strain HB, we concluded that antigens b and c are restricted to S. salivarius. Essentially similar results were obtained by using immunofluorescence microscopy of whole cells of streptococci treated with antisera against antigens b and c and fluorescein-labeled goat anti-rabbit immunoglobulin G serum. However, cross-reactive antigens were detected in some S. mutans strains by immuno double diffusion tests and immunofluorescence microscopy when the complete anti-HB serum was used. Cross-reactivity between oral streptococcal species has been reported previously (2, 24, 27) .
Role of protein antigens in adhesion reactions. To test the possible involvement of the purified antigens in the adhesion of strain HB cells to V. alcalescens or erythrocytes, the antigen preparations were incubated with these substrates both in the presence and in the absence of strain HB cells. bodies was used as an additional test for the involvement of antigens in the reaction (Table  4) . Antiserum against antigen c completely blocked the reaction of strain HB cells with erythrocytes. In contrast, treatment of bacteria with an antiserum directed against mutant HB-7, which contains antibodies against all antigens except antigen c, did not significantly affect hemagglutination. Likewise, specific anti-b serum inhibited Veillonella coaggregation, but serum against mutant HB-V5 did not. So far, antigen d has not been implicated in adhesion reactions. DISCUSSION Cell walls of S. salivarius HB contain at least four different antigens, designated antigens a through d (33) according to their mobility during immunoelectrophoresis; three of these antigens have now been identified as the major proteins present in the cell wall. Together, these antigens constitute 5.7% of the total dry weight of purified cell walls, which is in accordance with the previously reported content of non-peptidoglycan amino acids in cell walls of this strain, which was estimated to be about 6% of the dry wall mass (33) . A similar protein content has been found in the cell walls of S. mutans (5) and other oral streptococcal species (Weerkamp, unpublished data) . At least one of our proteins (33) , as well as S. mutans wall-associated protein (19) (11) .
The cell wall antigens described here are different from the streptococcal group K carbohydrate antigen, since solubilized cell wall preparations of strain HB did not react with group K typing serum. Whole cells of this strain possessed the group K antigen since it was detected in extracts prepared by the Lancefield method or by protease treatment. In addition, mutant strains HB-V5 and HB-7, which lack antigens b and c, respectively, both possess the group K antigen (33) . It is also unlikely that the antigenic determinant of any of antigens b, c, and d is glycerol teichoic acid, the presence of which has been demonstrated in many oral streptococci (17) , because of the susceptibility to proteases, the relatively low phosphorus content, and the absence of cross-reactivity with other oral streptococci. However, the presence of an antibody that cross-reacts with some S. mutans strains has been detected in complete antisera against strain HB cell walls. So far, this common antigen has not been characterized. The existence of such common antigens in oral streptococci has been reported previously (2, 24, 27 ).
An analysis of the purified antigens showed that antigen b is a protein which may be associated with a low amount of carbohydrate and has an apparent molecular weight of 320,000 as determined by SDS-PAGE. The homogeneity of the preparations, irrespective of whether the source is extracellular or cell wall derived by using either lysozyme or mutanolysin, suggests that this form represents the smallest entity. Antigen d was similar to antigen b in composition, except that it showed two adjoining bands of lower molecular weight in preparations obtained with lysozyme and mutanolysin. Antigen d was not detected in culture supernatants. In contrast, antigen c differed in that it contained significant amounts of neutral carbohydrate and glucosamine and showed micro-heterogeneity depending on its source and the preparation procedure. Since antigen c is susceptible to a variety of proteolytic enzymes and some protease activity was present in the mutanolysin preparation that was used throughout our investigation, proteolytic (24, 37) . Such a behavior could be explained by spontaneous autoaggregation of the solubilized proteins. However, we have obtained substantial evidence by using cleavable cross-linking agents and differential immunoprecipitation that in the cell walls the proteins are present as homologous, high-molecular-weight complexes (manuscript in preparation). In conjunction with a location at the periphery of the cell, the concept of the situation of each antigen on specialized fimbrial classes seems attractive. The similarity both in the size of the multimeric form and in the gross amino acid composition compared with fibrillar proteins of other gram-positive bacteria, such as Actinomyces viscosus (18, 34) and Corynebacterium renale (14) , suggests that each of the antigen complexes may even represent a single fimbrial structure. Such a concept is supported by the recently reported detection of antigenically divergent fibrils in a strain of A. viscosus (4) . The relatively high content of nonpolar amino acid residues in S. salivarius wall antigens, as well as in fibrils of Actinomyces and Corynebacterium species (14, 18, 34) , suggests the presence of hydrophobic areas within the molecules. It should also be noted that S. mutans cell wallassociated proteins have been reported to have a similar composition (23, 25) . These observations could be of some importance since it has been suggested that hydrophobic interactions, particularly when associated with fibrillar surface appendages, may facilitate adhesion by counter-INFECT. IMMUN. on October 27, 2017 by guest http://iai.asm.org/ Downloaded from acting electrostatic repulsive forces between the interacting surfaces (20, 22) .
In a previous report we demonstrated that the protein which corresponds to antigen b is indeed directly involved in the coaggregation of S. salivarius serotype I strains with strains of the genus Veillonella (32, 33) . Therefore, this protein was named Veillonella-binding protein. As little as 0.1 ,ug of the 8purified protein induces rapid aggregation of 10 V. alcalescens Vl cells under physiological conditions. This Veillonellabinding protein-induced aggregation is inhibited by the presence of galactose or some galactose analogs (32) , suggesting a lectin-like interaction. The purification of Veillonella-binding protein should now enable a more detailed study of the binding characteristics of this protein, which is currently in progress. Involvement of antigen c in adhesion reactions is less readily demonstrated, but the following observations suggest that this glycoprotein mediates host-related adhesion functions of the bacteria, such as the binding of epithelial cells or erythrocytes and aggregation with salivary components (31): (i) the glycoprotein is absent in mutant HB-7, which lacks the host-related adhesion functions (31); (ii) these activities are susceptible to the action of proteolytic enzymes; (iii) Triton X-100-treated cell walls retain the adhesive properties, including sensitivity to protease, but contain only a few detectable proteins; and (iv) adhesion to buccal epithelial cells or erythrocytes is specifically blocked by anti-c serum, but not significantly affected by a complete antiserum against cell walls of mutant HB-7, which only lacks antibodies against antigen c. Although the last effect could have been produced through the masking of neighboring sites, the body of evidence is strongly in favor of a direct involvement of this glycoprotein in adhesion reactions. So far, a possible role of antigen d in adhesion reactions has not been demonstrated, but such a role may be proposed on the basis of its similarity to the other factors. Likewise, such a role could be postulated for the comparable S. mutans surface proteins. This possibility is supported by the significant caries-reductive effect obtained after immunization with some of these proteins (15) .
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